► This study provides data on levels of specific antibodies against pertussis in a large, populationbased selection of serum samples from Tuscany, Central Italy. ► This study considers a period of over two decades, based on the introduction of pertussis vaccination in infants in the Tuscany region, as well as in Italy, after 1995. ► Antibody titres and prevalence values were calculated over time and by age group, providing an evidence of susceptibility to pertussis in Italian adolescents and adults. ► The main limitation is that samples between 2006 and 2012 were not available. ► Only information on sex and age was available for each sample, and no extensive statistical analysis could be performed on other sociodemographic variables.
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Pertussis is a highly infectious respiratory disease caused by Bordetella pertussis. 1 The disease affects all age groups; however, if contracted in the first 2 years of life, the course of the disease can be particularly severe, with a high incidence of complications and mortality. 1 2 Despite the introduction of largescale vaccination programmes for infants and children, pertussis is still one of the most serious vaccine-preventable diseases, even in countries with high vaccination coverage. 1 Over recent decades, several reports have highlighted a resurgence of pertussis in older children, adolescents and adults. [3] [4] [5] In Italy, a whole-cell pertussis (wP) vaccine became available in 1961 and was recommended for the immunisation of infants. 6 However, pertussis vaccination coverage remained low (less than 40%), with large regional differences. 7 In 1995, the wP vaccine was replaced by an acellular pertussis (aP) vaccine; this was incorporated into the diphtheria-tetanus-acellular pertussis (DTaP) vaccine, the administration of which was recommended in three doses at 3, 5 and 11 months of age. In 1999, a booster dose at the age of 6 years (school entry) was introduced Open access into the national childhood immunisation plan, together with further booster doses in adolescents (12-14 years) from 2003 onwards. 8 9 Vaccination coverage in children up to 24 months of age increased progressively after the introduction of the aP vaccine, with 88% of children aged 12-24 months having received three doses of DTaP vaccine in 1998. 10 After 2002, vaccination coverage increased further, reaching 96.6% in 2008 11 12 probably as a result of the free-of-charge provision of vaccines at the national level. However, vaccination coverage among children aged 6 years (fourth dose of DTaP vaccine) was 26.7% and that among adolescents (fifth dose) was only 14.1% in 2008. 12 Over the following years, the national vaccination coverage for the three doses in children aged 12-24 months decreased to 93.55%, as reported in 2016. 13 In the Tuscany region, pertussis vaccination coverage displayed a similar trend to that seen at the national level. In 2008, the vaccination coverage for the third dose in children aged 24 months was 94.8%, while it was 44.8% for both the fourth and fifth doses, a higher figure than the national average. 12 In 2016, vaccination coverage was 94.4% in children aged 12-24 months and 78.4% in 16-year-old subjects. 13 The epidemiology of pertussis in Italy has changed over the years since the implementation of pertussis vaccination. After the introduction of the wP vaccine in 1961, the incidence of pertussis declined slightly. However, a steady decrease was observed only after the high coverage rates were reached with aP-containing vaccines: from approximately 7000 cases reported in 1998 to 339 in 2008. Subsequently, however, the incidence rose to 670 cases in 2014. 2 14 In 2016, 965 cases were reported, and in 2017, 964 cases were reported, 919 of which were confirmed. 14 In the Tuscany region, the trend in reported cases was similar to the national data, with a decrease from 355 cases in 1998 to 31 in 2008. In 2016 and 2017, 83 and 117 cases, respectively, were reported. 15 National routine notification data indicate that Italy has a low incidence of pertussis. Although notification is mandatory, 16 the number of reported pertussis cases is greatly underestimated. 8 11 In immunised children, adolescents and adults, the disease may have a mild course and is not usually diagnosed. 17 These subjects constitute a major reservoir of infection for children who are not yet fully immunised. Indeed, several epidemiological surveys have suggested that the incidence of pertussis infection is high in this age group, 2 18 19 as reported by hospitalisation data collected in the Tuscany region. 9 20 The spread of the infection can be prevented by achieving herd immunity through high vaccination coverage in the population. Several studies have reported that immunity against pertussis, whether natural or acquired through vaccination, wanes after 4-12 years 21 or more. In highly immunised populations, the reduced circulation of B. pertussis decreases natural boosting, and epidemic outbreaks are observed mainly in older adolescents and adults. 2 21 22 In these circumstances, information on the serological status of the population may provide a critical contribution to the implementation of pertussis vaccination strategies and policies.
The aim of this study was to evaluate the prevalence of antibodies against B. pertussis as a marker of vaccination or natural exposure in samples collected in Tuscany, a large Italian region, between 1992 and 2005 and between 2013 and 2016.
MethODS

Patient and public involvement
Samples were anonymously collected as residual samples for unknown diagnostic purposes and were stored in compliance with Italian ethics law. The only information available for each serum sample was age, sex and date of sampling. Patients and/or the public were not involved.
Human serum samples were available from the Serum Bank of the Laboratory of Molecular Epidemiology, Department of Molecular and Developmental Medicine, University of Siena, Siena Italy. Sample size per group was calculated by means of Cochran's sample size formula. The desired level of precision was set at 10%, and frequencies of 15% and 60% were assumed. These calculations yielded 49 and 93 subjects per group for 15% and 60% frequency, respectively. Out of a total of 10 200 serum samples collected in the area of Siena from 1992 to 2005 and from 2013 to 2016, a total of 1812 were randomly selected. Randomisation was performed in a stratified fashion; the main selection criterion was that the numbers be balanced in terms of sex, age and time interval according to the availability of sera during each particular time period. Selection of the time periods was based on two main criteria: the availability of serum samples collected from the age group of interest during a given period and the introduction of pertussis vaccination in infants in the Tuscany region, as well as in Italy, after 1995. Samples were not available between 2006 and 2012.
Samples were tested for IgG antibodies against B. pertussis by means of the 'SERION ELISA classic Bordetella pertussis IgG' (Virion\Serion, Germany) commercial kit, in accordance with the manufacturer's instructions. According to the manufacturer, this immunoassay uses both pertussis toxin (PT) and filamentous haemagglutinin (FHA) as antigens and has a sensitivity and a specificity of >99%. As indicated in the instructions, the cut-off level for positivity was 50 IU/mL. In addition, samples with IgG titres of >125 IU/mL were considered suggestive of recent infection or exposure to the vaccine, that is, within the past year. 23 24 Table 1 lists the selected samples by period of collection and age group.
All statistical analyses were performed by means of Microsoft R-Open V.3.5.0 (https://www. R-project. org/). Figures were prepared by means of the ggplot2 package in Microsoft R-open. Age-specific geometric mean titres (GMTs) and proportions above cut-off rates were calculated for each time period, along with the corresponding 95% CIs. The effects of age group and sampling period were evaluated by two-way analysis of variance for GMTs and logistic regression for IgG titres of >50 and >125 IU/ mL proportions. A p value of <0.05 was considered significant. The best-fitting model was selected on the basis of the lowest Akaike information criterion.
reSultS
A total of 1812 serum samples were tested (table 1) ; samples with IgG titres of >50 IU/mL were considered positive, and those with IgG titres of >125 IU/mL were deemed indicative of exposure to pertussis infection or vaccination in the past year. 23 24 Analysis by sex showed no effect. Figure 1 shows IgG titres (GMTs and proportions above cut-off rates) over time and by age group; estimates and logistic regression analyses are shown in figure 2.
time trends in pertussis IgG titres The highest IgG GMTs were observed in 1992-1994 (69.5 IU/mL, 95% CI 62.7 to 77.0) and in 1995-1998 (67.1 IU/mL, 95% CI 63.3 to 71.2). Titres decreased to 48.8 IU/mL (95% CI 43.3 to 54.9) in 1999-2001 and even further to 37.8 IU/mL (95% CI 34.3 to 41.6) in 2002-2005, but rose slightly to 50.6 IU/mL (95% CI 46.6 to 54.9) in 2013-2016. The time trend in IgG GMTs was similar across all age groups, with the exception of the >50-year-old age group, in which no increase was observed in 2013-2016. The change in IgG GMTs over time was also reflected in the proportion of IgG titres of >50 and >125 IU/mL.
The highest proportion of subjects with IgG titres of >50 IU/mL was found in 1992-1994 (68.3%, 95% CI The highest proportion of subjects with IgG titres of >125 IU/mL was found in 1992-1994 (23.8%, 95% CI 18.9 to 28.7), particularly among subjects in the age group of subjects aged 12-22 years (31.2%, 95% CI 19.9 to 42.6). In 1995-1998, a substantial decrease in the proportion of subjects with IgG levels of >125 IU/mL was observed (12.4%, 95% CI 9.1 to 15.7; OR 0.45, 95% CI 0.30 to 0.67), and the trend was still characterised by a high proportion of IgG titres of >125 IU/mL in subjects aged 12-22 years (17.4%, 95% CI 9.4 to 25.5). Up to 2005, the proportion of subjects with IgG titres of >125 IU/mL decreased in the overall population (14.1% in 1999-2001, 95% CI 10.1 to 18.1; OR 0.52, 95% CI 0.34 to 0.79; and 8.1% in 2002-2005, 95% CI 5.4 to 10.9; OR 0.28, 95% CI 0.18 to 0.45) and in all age groups except in the age group of subjects aged 12-22 years, in which it remained similar to those of the 1995-1998 period.
In 2013-2016, the proportion of subjects with titres of >125 IU/mL increased slightly in comparison with 2002-2005 (14.7%, 95% CI 11.4 to 17.9; OR 0.58, 95% CI 0.40 to 0.85). This increase was observed in the overall population and in all age groups with the exception of those older than 50 years of age. The highest increase was observed in subjects aged 12-22 years (30.9% in 2013-2016, 95% CI 19.9 to 41.9).
Age trends in pertussis IgG titres
IgG GMTs were lowest in the age group of subjects aged 23-35 years. Both IgG GMTs and the proportions of subjects with IgG levels of >50 IU/mL followed the same age-related trend in all time periods considered, with the highest values in subjects aged 12-22 years. The lowest proportion of subjects with IgG titres of >50 IU/mL was found in the age group of subjects aged 23-35 years (OR 0.54, 95% CI 0.41 to 0.72). The proportion of subjects with titres of >50 IU/mL showed an increase in subjects aged 36-50 years and those over 50 years old (OR 0.78, 95% CI 0.59 to 1.04 and OR 0.75, 95% CI 0.55 to 1.01, respectively). Only in 2013-2016 did subjects over 50 years display the lowest IgG proportion, with 54.7% (95% CI 45.7 to 63.7) having IgG levels of <50 IU/mL.
The trend was quite similar among subjects with IgG titres of >125 IU/mL; the highest proportion was found in subjects aged 12-22 years. The lowest proportion was again found in those aged 23-35 years (OR 0.39, 95% CI 0.27 to 0.57); an increase was observed in the age group of subjects aged 36-50 years (OR 0.54, 95% CI 0.38 to 0.76) and a slight decrease in subjects over 50 years old (OR 0.45, 95% CI 0.30 to 0.66).
DISCuSSIOn
In this study, we found that in recent years (2013-2016), more than 40% of subjects aged over 12 years had low IgG titres against pertussis, although with some differences among age groups. Specifically, the highest titres were observed in those aged 12-22 years. Although the commercial kit used to measure IgG does not discriminate between antibodies generated after natural exposure and those generated after vaccination, this age group benefits from high vaccination coverage in infancy (>90%) and booster doses given during adolescence. As subjects in this age group were born between 1991 and 2004, it could be hypothesised that they were the only vaccinated subjects considered in this study and that a small proportion had received the preadolescence booster dose. Pertussis vaccination coverage in adolescents increased significantly in Tuscany from 44.8% in 2008, both for the fourth and fifth doses, 12 to 78.4% in 2016. 13 In our study, we found that, during the period 1992-1994, which is considered a prevaccination era for pertussis in Italy because of the very low wP vaccine uptake, 7 B. pertussis circulated widely in all age groups, with the highest proportion of subjects with IgG titres of >125 IU/mL being observed in preadolescents and adolescents (12-22 years old). In 1995-1998, when aP vaccines became available in Italy and vaccination coverage in infants increased steadily in Tuscany and Italy, [8] [9] [10] we observed a substantial decrease in the proportion of subjects with IgG levels of >125 IU/mL (−11% from 1992 to 1994), suggesting a reduction in exposure to B. pertussis in all age groups included in this study. However, the trend was still characterised by a high proportion of IgG titres of >125 IU/mL in subjects aged 12-22 years (17%), as in the previous time period. In the following years, up to 2005, the proportion of subjects with IgG titres of >125 IU/mL decreased in the overall population and in all age groups except the 12-22 year-old group, in Open access which it remained similar to that in the 1995-1998 period. The proportion of subjects with IgG titres of >125 IU/ mL increased again in 2013-2016 in all age groups with the exception of those over 50 years of age. Specifically, the highest increase was observed in subjects aged 12-22 years, with values close to those of the prevaccination era. This could be interpreted as the result of high vaccination coverage in infants since the past 20 years and in children and adolescents in more recent years. However, variations in IgG titres could correlate not only with the immune status of the population but also with the number of cases of pertussis infection. Indeed, a recent study on pertussis seroprevalence in five Italian regions 16 reported that, in serum samples collected in Tuscany, 5% of the general population and 7.1% of subjects aged 20-29 years had antibody titres compatible with a recent infection (PT-IgG level >100 IU/mL), indicating an increase in the circulation of B. pertussis in adults in Italy.
Susceptibility to pertussis in a highly vaccinated population, such as that of the present study, is a complex issue. The overall temporal trend showed a reduction in exposure after the introduction of aP vaccines, followed by a resurgence in the number of positive subjects in 2013-2016; this is consistent with a waning of protection 5-10 years after the administration of the last aP vaccine dose. 22 25 26 The resulting lower immunity leads to increased B. pertussis circulation in the overall population, including pregnant women, 27 with a serious impact on the most vulnerable subjects, such as neonates, as recently reported in the Tuscany region, 9 20 where a dramatic increase in hospital admissions and deaths due to pertussis in infants was reported.
The history of pertussis immunisation (low coverage with wP vaccine, followed by a switch to the aP vaccines and a substantial increase in vaccination coverage) makes Italy an interesting example of the impact of aP vaccines. There is no established correlate of protection for pertussis 28 ; however, a 'positive' or 'detectable' diagnostic test is considered consistent with some measure of protection. 29 In this study, the cut-off recommended by the kit manufacturer was used as a threshold antibody value to define susceptibility, exposure and recent exposure to pertussis or vaccination. Data on the proportion of subjects susceptible to pertussis in a given age group could be very informative and may be used to monitor or plan vaccination policies to prevent resurgence of the disease. The present study illustrates the situation in Italy, but it would be interesting to investigate other European countries where different vaccination policies have been adopted.
This study has some limitations, as samples between 2006 and 2012 were not available, making interpretation of the temporal trend more difficult. In addition, the results may not be fully applicable to the entire Tuscany population, as only two variables were available for each sample (sex and age), and no extensive statistical analysis could be performed to compare these sociodemographic variables with those of the whole Tuscan or Italian population. Moreover, the vaccination status of the subjects was not known. Another potential limitation of this study is that an ELISA against both PT and FHA antigens was used for the assessment of antibody response. Indeed, according to European Union recommendations, the diagnosis of pertussis infection is based on the measurement of PT-specific antibodies alone, 30 31 as the FHA antigen is shared with other Bordetella spp; however, the low specificity of the ELISA may ultimately lead to an underestimation of the proportion of susceptible subjects, leaving the conclusions of this study unchanged.
In conclusion, our study revealed that, since 2002, at least 50% of subjects over 22 years of age, and therefore least likely to have been vaccinated against pertussis, have low IgG titres (<50 IU/mL); they are presumably more susceptible to acquiring pertussis and transmitting the disease to the most vulnerable and susceptible individuals, such as newborns and infants. In Tuscany, as in the rest of Italy, only aP vaccines are used. Careful disease surveillance and the maintenance of high vaccination coverage are therefore recommended in order to prevent morbidity and mortality due to pertussis.
